The importance of proper ion channel trafficking is underpinned by a number of channel-linked genetic diseases whose defect is associated with failure to reach the cell surface. Conceptually, it is reasonable to suggest that the function of ion channels depends critically on the precise subcellular localization and the number of channel proteins on the cell surface membrane, which is determined jointly by the secretory and endocytic pathways. Yet the precise mechanisms of the entire ion channel trafficking pathway remain unknown. Here, we directly demonstrate that proper membrane localization of a smallconductance Ca 2ϩ -activated K ؉ channel (SK2 or KCa2.2) is dependent on its interacting protein, ␣-actinin2, a major F-actin crosslinking protein. SK2 channel localization on the cell-surface membrane is dynamically regulated, and one of the critical steps includes the process of cytoskeletal anchoring of SK2 channel by its interacting protein, ␣-actinin2, as well as endocytic recycling via early endosome back to the cell membrane. Consequently, alteration of these components of SK2 channel recycling results in profound changes in channel surface expression. The importance of our findings may transcend the area of K ؉ channels, given that similar cytoskeletal interaction and anchoring may be critical for the membrane localization of other ion channels in neurons and other excitable cells.
T he function of ion channels depends critically on the precise number and subcellular localization of the channel proteins on the cell-surface membrane (1, 2) . The steady-state cell-surface expression of ion channels is intricately and dynamically governed by the anterograde (forward) and retrograde trafficking (2, 3) . Ion channel molecules are first synthesized in the endoplasmic reticulum (ER), assembled and processed, then trafficked to the membrane where they function. Trafficking of ion channel proteins to the surface membrane involves a series of tightly regulated events coordinated by ER resident proteins, microtubules, transport vesicle and Golgi apparatus, the actin cytoskeleton, myosins, and anchoring proteins (2) . The importance of correct ion channel trafficking is highlighted by a number of channel-linked genetic diseases whose defect is associated with failure to reach the cell surface (4) (5) (6) (7) (8) .
Small-conductance Ca 2ϩ -activated K ϩ (SK or K Ca 2) channels belong to a family of Ca 2ϩ -activated K ϩ channels (K Ca ) that have been reported from a wide variety of cells (9) (10) (11) . SK channels represent a highly unique family of K ϩ channels, in that they are directly gated by changes in intracellular Ca 2ϩ concentration and hence function to integrate changes in Ca 2ϩ concentration with changes in K ϩ conductance and membrane potentials. SK channels have been shown to mediate afterhyperpolarizations in neurons (9, 12, 13) and action potential repolarization in cardiac tissues (14, 15) . Previous studies have provided strong support that ion channels are components of macromolecular complexes containing the main pore-forming and auxiliary subunits interacting with scaffolding and regulatory proteins that are linked to the cytoskeleton (16) . We have previously shown that SK2 channel interacts with ␣-actinin2, a cytoskeletal protein that localizes the channel to L-type Ca 2ϩ channel in cardiac myocytes (17) to mediate the entry of external Ca 2ϩ . In this study, we directly demonstrate that cell-surface expression of SK2 channel is dynamically regulated by its interaction with ␣-actinin2 cytoskeletal protein and involves early endosome-mediated endocytic recycling. The interaction sites have been localized to the EF-hand motifs in the C terminus of ␣-actinin2 protein and the helical core region of the calmodulin-binding domain (CaMBD) in SK2 channel.
Results

␣-Actinin2 Cytoskeletal Protein Is Required for the Proper Surface
Membrane Localization of SK2 Channel. We have previously documented the interaction of SK2 channel with ␣-actinin2 cytoskeletal protein, which localizes SK2 channel to Ca 2ϩ channel to regulate the channel function (17) . To directly probe the functional roles of SK2 channel interacting protein, ␣-actinin2, we used immunofluorescence confocal microscopy and human embryonic kidney cells (HEK 293) as an expression system. Surprisingly, when SK2 channels were expressed alone, instead of being found on the plasma membrane, the channels were localized mostly in the cytosol of the cells (Fig. 1A) . It is possible that the cytosolic localization may be the result of an overloading of the cell machinery by excessive amounts of protein from the transfection. However, there were no significant differences in SK2 channel localization in the stable cell line compared with the transient transfection [supporting information (SI) Fig. S1 ], suggesting that the cytosolic localization of SK2 channel did not result from the overexpression. Consequently, when SK2 channel and ␣-actinin2 were coexpressed in HEK 293 cells, SK2 channels displayed proper membrane localization pattern (Fig. 1B) . SK2 channel and ␣-actinin2 were found to be colocalized, as illustrated by intensity profile analyses (Fig. 1B, Inset) . Threedimensional reconstructions of confocal Z-stack images further illustrated that SK2 channel and ␣-actinin2 were mostly colocalized in the plasma membrane (yellow) (Fig. 1C) . Furthermore, using cell-surface biotinylation assay, we demonstrated that HEK 293 cells transfected by SK2 plasmid alone exhibited diminished cellsurface expression when compared with cells cotransfected with SK2 and ␣-actinin2 plasmids, supporting the notion that ␣-actinin2 could aid in the proper membrane localization of SK2 channels (Fig. 1D ).
SK2 Channel Interacts with ␣-Actinin2 Cytoskeletal Protein via the EF-Hand Motifs in ␣-Actinin2 Protein and the Helical Core Region of
CaMBD in the C Terminus of SK2 Channel. To define the binding site on ␣-actinin2, we dissected the shortest positive ␣-actinin2 clone containing roughly the last 2 spectrin repeats and the EF hand, which we have previously uncovered in a human heart library screen using C terminus of SK2 channel as the bait (17) . Three different constructs containing the last spectrin repeat, first and second EF hand (EF-1.2) and third and fourth EF hand (EF-3.4), were made separately to detect the interaction with SK2 channel using yeast two-hybrid (YTH) assay. However, none of the constructs showed a positive interaction. We suspected that short fragments of ␣-actinin2 might lead to conformation changes of the protein. Hence, site-directed mutagenesis was used instead to map the interaction sites. From our previous library screen, all positive clones of ␣-actinin2 contained EF-hand motifs, suggesting that the motifs may be required for the interaction. Hydrophobicity analysis revealed 2 separate hydrophobic regions in EF-3.4 of ␣-actinin2 (Fig.  S2A, Right) . Indeed, previous reports have demonstrated that EF-3.4 of ␣-actinin2 displays hydrophobic interaction with its partner and that hydrophobic interactions are the most important noncovalent forces that drive the folding of the linear polypeptide into a compact structure (18) . From the above reasoning 2 different mutants were generated, in which amino acids with high hydrophobicity were mutated to glycine, which is ambivalent, nonpolar, and the smallest of amino acids. Wild-type ␣-actinin2 displayed a strong interaction with SK2 channel. In contrast, point mutations of phenylalanine (F835, Actn2 mut2 ) or tyrosine (Y881) and phenylalanine (F884) residues to glycine (Actn2 mut3 ) completely suppressed the interaction between SK2 channel and ␣-actinin2 protein (Fig.  2B) . Intriguingly, these 2 mutants still retained a strong interaction with Ca 2ϩ channel Ca v 1.3 (Fig. S2B) , suggesting that the binding sites were different between SK2 channel and Ca v 1.3. It also suggested that the 2 point mutations are unlikely to disrupt the protein conformation. In contrast, point mutation of a glutamic acid residue, which is located in the area with low hydrophobicity (E829, Actn2 mut1 ), to glycine (Fig. S2 A, Right) , did not significantly change the interaction strength compared with wild-type ␣-actinin2 (Fig. 2 A) .
Because the EF hand of ␣-actinin2 belonged to the calmodulin (CaM)-like protein family, and because our previous YTH data showed that the proximal C-terminal tail of SK2 interacts physically with ␣-actinin2 (17), we hypothesize that the binding site on the SK2 channel may be localized within the CaMBD. Previous published data have demonstrated that the CaMBD exhibits a helical core region between residues 423 and 437 and that disruption of the helical domain abolishes constitutive association of CaMBD with apo-CaM (19) (Fig. S2 A, Inset) . On the basis of these published data, we generated mutant SK2 channels containing mutations of threonine (T431) and tryptophan (W432), located within the helical core region, to alanine (SK2 Mut1 ), and threonine (T438) and leucine (L440), located outside the helical core region, to alanine (SK2 Mut2 ). SK2
Mut1 sharply blocked the interaction between SK2 and ␣-actinin2. In contrast, SK2
Mut2 showed similar interaction strength compared with the wild-type SK2 (Fig. 2 A) . Similarly, SK2 Mut1 also significantly abolished the interaction between SK2 and CaM but not SK2 Mut2 . ␤-Galactosidase activity quantification data further supported the results of YTH assays ( Fig. 2 A, Right), suggesting that the binding site of ␣-actinin2 on SK2 channel was located within the helical core region of CaMBD.
Direct Interactions Between SK2 Channel and ␣-Actinin2 Are Required for the Cell-Surface Localization of SK2 Channel. We directly assessed the effect of binding of ␣-actinin2 with SK2 channel on membrane localization (Fig. 2B ). Confocal microscopic analysis showed a marked overlap in the distribution of SK2 channel and ␣-actinin2 at the plasma membrane when HEK 293 cells were cotransfected with plasmids containing SK2 and wild-type ␣-actinin2 (Fig. 2C , top row). In contrast, when SK2 channels were coexpressed with Actn2 mut2 or Actn2 mut3 , the channels showed a low level of plasma membrane localization (Fig. 2B , 2 middle rows), suggesting that the 2 mutant ␣-actinin2 proteins failed to aid in SK2 channel membrane localization. Similarly, truncated ␣-actinin2-N (aa 1-251) containing the 2 calponin homology domain, important for the binding to actin filaments, or ␣-actinin2-Rod (aa 344-745) containing only the spectrin domains, also failed to aid in proper SK2 membrane localization ( Fig. 2B , 2 bottom rows). Taken together, these data suggest that interaction between SK2 channel and ␣-actinin2 protein is required for the proper SK2 channel membrane localization.
Critical Involvement of Early Endosome-Mediated Endocytic Recycling
in the Retrograde Trafficking of SK2 Channels. To test whether SK2 channel protein was retained in the cytosol during trafficking through ER to Golgi or Golgi to the plasma membrane when SK2 channel was expressed alone in HEK 293 cells, a set of Golgi marker antibodies that included antibodies against the cis-to the medial-and the trans-Golgi network were used (Fig. 2C) . None of the Golgi markers demonstrated colocalization with SK2 channel (Fig. 2C, Top, and Fig. S3A ). We further investigated the involvement of specific Rab GTPases and tested whether SK2 channels were retained in the endocytic recycling pathway by using an early endosome marker [early endosomal antigen 1 (EEA1)] and Rab5 antibodies. EEA1 marker and Rab5 showed a higher correlation with SK2 channel compared with the Golgi marker or Rab8, which plays a role in vesicular transport from the trans-Golgi network (Fig. 2C) . To further test whether the regulation involves SK2 channel trafficking from recycling endosomes, we examined SK2 channel surface expression in the presence of primaquine, which acutely and selectively inhibits recycling but not endocytosis (20, 21) . Pretreatment with primaquine dramatically abolished surface expression of SK2 channel, even in the presence of ␣-actinin2 (Fig. 2C, Bottom) . Taken together, our data suggest the critical involvement of early endosome-mediated endocytic recycling in the retrograde trafficking of SK2 channels. Copurification assay of recombinant fusion proteins of GST-SK2 (encoding residues 425-487 of SK2) and His-␣-actinin2 (containing the EF-hand fragment of ␣-actinin2) was performed (Fig. 3A) . When GST-SK2 was immobilized on glutathione column and then incubated with 6xHis-tagged ␣-actinin2, both GST-SK2 and His-␣-actinin2 fusion proteins could be eluted and detected in the immunoblot (Fig. 3A, lane 1) , suggesting that His-␣-actinin2 fusion protein can be copurified via interaction with GST-SK2. In contrast, His-␣-actinin2 protein could not be copurified with GST alone (Fig. 3A, lane 2) . Moreover, as shown in Fig. 3B , His-␣-actinin2 could be copurified with GST-SK2 in the presence of different concentrations of Ca 2ϩ or EGTA, suggesting that SK2 interacted with ␣-actinin2 in a Ca 2ϩ -independent manner. We next tested whether the presence of apo-CaM could affect the interaction between SK2 and ␣-actinin2 (Fig. 3C) . When GST-SK2 Fig. 2 . Mapping of the interaction sites between SK2 channel and ␣-actinin2 protein using YTH assays. (A) Different mutant and wild-type constructs of SK2 channel and ␣-actinin2 display different strengths of interaction using YTH assays on the screening media with high (SD/-Ade/-His/-Leu/-Trp/X-␣-gal) and low (SD/-Leu/-Trp) stringency. pGADT7-T with p53 was used as a positive control. The interaction of SK2 channel with ␣-actinin2 was further quantified using ␤-galactosidase activity (Right) (n ϭ 6; * , P Ͻ 0.05). (B) Immunofluorescence confocal microscopic images. A marked overlap in the distribution of SK2 channels and ␣-actinin2 proteins was found at the plasma membrane when HEK 293cells were cotransfected by pIRES-SK2 with pcDNA3.1-Actn2-wild-type (top row). The second and third rows show a low level of plasma membrane localization of SK2 channels when cells were cotransfected by pIRES-SK2 with pcDNA3.1-Actn2 mut2 or pcDNA3.1-Actn2 mut3 . Bottom rows show HEK 293 cells cotransfected with SK2 channel and truncated Actn2-N (aa 1-251) containing only the 2 calponin homology domains or SK2 with truncated Actn2-Rod (aa 344 -745) containing only the rod domains. Of note, the negative immunolabeling for the truncated forms of ␣-actinin2 in B indicated that the epitopes for the antibody (Sigma monoclonal anti-␣-actinin sarcomeric clone EA-53) may be localized outside the truncated portion of the ␣-actinin2 protein.
(C) Top row shows immunofluorescence confocal microscopic images labeled with trans-Golgi marker (P230) and anti-SK2 antibodies. Second, third, and fourth rows show images labeled with anti-SK2 and anti-Rab8, anti-Rab5, or anti-EEA1 antibodies, respectively, showing differences in the colocalization among different proteins with SK2 channels. Scatterplots (right column) show a poor correlation between a transGolgi marker (P230) with SK2 channels and high correlation between EEA1 with SK2 channels. All pixels in the images have been assigned a position on the scatterplots and are placed according to the intensity of color (red or green). Bottom row shows immunofluorescence confocal microscopic images from HEK 293 cells after treatment with 120 M primaquine for 4 h labeled with anti-SK2 and anti-EEA1 antibodies. fusion protein was incubated with His-␣-actinin2 in the presence of apo-CaM, weaker binding was observed compared with the interaction in the absence of apo-CaM. However, with increasing amounts of apo-CaM, there was no detectable change in the ␣-actinin2 binding. These data suggest possible competitive binding between ␣-actinin2 and apo-CaM to the SK2 channel protein.
Requirement of ␣-Actinin2 in SK2 Channel Surface Membrane Expression in Native Cells. Most studies on ion channel trafficking to date have used mainly expression systems or cell lines (2, 22, 23) . However, ion channel trafficking may be distinct in native systems, owing to differences in intracellular milieu and interacting proteins. Here, we directly tested whether ␣-actinin2 was required for the trafficking of SK2 channel in cardiomyocytes using siRNA-mediated knockdown of ␣-actinin2 protein. To demonstrate the efficacy of the specific siRNA targeted against ␣-actinin2, we measured mRNA and protein levels of ␣-actinin2 by RT-PCR and Western blot analysis (Fig.  4 A-C) . Nontransfected cardiomyocytes (Ctrl-NT) or control cells transfected with scramble siRNA (Ctrl) showed intense staining of ␣-actinin2 along the Z-lines with a striated pattern (Fig. 4D) . Moreover, SK2 channels were localized not only at the sarcolemma but also along the Z-line (Fig. 4D) . In contrast, when cardiomyocytes were transfected by siRNA specific to ␣-actinin2, the distribution of SK2 channels displayed an abnormal pattern, with random staining localized in the cytosol associated with loss of striation (Fig. 4D) . Moreover, these abnormally localized SK2 channels showed a high correlation with EEA1, suggesting that the channels were retained within the recycling pathway (Fig. 4D, Bottom) . Taken together, these data suggest that ␣-actinin2 was required for proper SK2 channel localization in cardiomyocytes, possibly by decreasing the internalization and/or increasing the recycling of the channels from recycling endosomes.
In mouse ventricular myocytes, the sarcolemmal membrane forms invaginations called transverse tubules (T-tubules), which extend into the cell interior and are oriented in register with Z bands of the myofibrils. Similarly, atrial cells have prominent sarcoplasmic reticulum elements, which have been described as ''Z-tubules.'' Fig. S3B shows distinct T-tubule-like structures, also termed ''Z-tubules,'' in mouse atrial myocytes (K and L in Fig. S3B ). Moreover, electron microscopic postembedding immunogold labeling demonstrates that SK2 channels and ␣-actinin2 are clustered together at the sarcomeric Z-discs in adult mouse cardiomyocytes (H and I in Fig. S3B ).
SK2 Channel Cell-Surface Expression Is Dynamically Regulated by Its
Interaction with ␣-Actinin2 Cytoskeletal Protein. The dynamic behavior of SK2 channels in living cells was directly investigated using a construct encoding CFP-SK2 fusion protein in HEK 293 cells. We first determined that the CFP-SK2 fusion protein remained functional by recording whole-cell Ca 2ϩ -activated K ϩ current (I K,Ca ) (Fig. S4A) . Fluorescence recovery after photobleaching (FRAP) experiments in HEK 293 cells transfected with CFP-SK2 and ␣-actinin2 were performed (Fig. 5A) . After photobleaching, the bleached region of interest (ROI) recovered within 2 min and reached approximately half of the original intensity. The observations support the dynamic process of SK2 channel recruitment to the cell membrane.
To functionally assess the effects of ␣-actinin2 binding on SK2 channel in native atrial myocytes (Fig. 5B, Bottom) as well as HEK 293T cells transfected with SK2 and ␣-actinin2 (Fig. 5B, Top) , we designed an inhibitory peptide (IP) derived from the ␣-actinin2 binding site within the helical core region of CaMBD in the SK2 channel (Fig. S2 A) . A scrambled peptide (CP) was used as control. Inclusion of IP in the pipette solution resulted in nearly complete inhibition of I K,Ca after 20 min of recordings compared with the initial traces (Fig. 5B, Right) , with no further reduction after application of apamin. In contrast, parallel experiments using the same concentrations of CP (Fig. 5B, Left) showed stable current recordings after 20 min. Summary data in Fig. S4B show a blot analysis showing ␣-actinin2 protein level detected by monoclonal rabbit anti-actinin2 antibody (Top) and monoclonal anti-␣-actinin (sarcomeric) antibody (Middle) and GAPDH (Bottom) for loading control in cultured neonatal mouse cardiomyocytes with different treatments. Consequently, ␣-actinin2 protein level detected using rabbit monoclonal anti-␣-actinin2 antibody was reduced significantly after transfection by specific siRNA. (D) Confocal microscopic images of immunostaining using anti-SK2 and anti-␣-actinin antibodies for siRNA-treated or control groups. Cardiomyocytes transduced by siRNA specific to ␣-actinin2 show a significant decrease in the ␣-actinin2 staining; the SK2 channels were expressed but displayed abnormal pattern with localization mainly in the cytosol. Insets: Higher magnifications of the original marked area. Bottom row shows a high correlation between the abnormally localized SK2 channels with EEA1 in cardiomyocytes treated with siRNA. significant inhibition of I K,Ca quantified at a test potential of Ϫ120 mV by IP. Our data showed that inclusion of IP in the pipette solution resulted in nearly complete inhibition of I K,Ca after 20 min of recordings compared with the initial traces, with no further reduction after application of apamin. Therefore, it is difficult to assess whether the Ca 2ϩ or apamin sensitivity and channel kinetics were altered after inclusion of IP in the pipette solution.
Discussion
CaM-Like Domain in the C Terminus of ␣-Actinin2 Protein. ␣-Actinin, a major F-actin crosslinking protein present in both muscle and non-muscle cells, is a typical example of an EF-hand protein. EF hands are helix-loop-helix binding motifs involved in the regulation of many cellular functions. In general, EF hands exist as side-by-side pairs, forming a globular domain capable of coordinating 2 Ca 2ϩ ions. Skeletal, cardiac, and smooth-muscle isoforms, ␣-actinin2 and -3, are localized within the Z-disk, which forms a complex network of interactions in the assembly and maintenance of the sarcomere (24) . The C-terminal CaMlike domain of ␣-actinin is composed of 4 EF-hand motifs. However, muscle isoforms have lost their ability to bind Ca 2ϩ owing to several mutations of residues engaged in Ca 2ϩ coordination.
␣-Actinin2
Interacts with the CaMBD in the C Terminus of SK2 Channels. SK channels are voltage-independent and gated solely by intracellular Ca 2ϩ in the submicromolar range. This high affinity for Ca 2ϩ results from Ca 2ϩ -independent association of the SK2 subunit with CaM (19, 25, 26) . Previous work has demonstrated that the CaMBD in the C terminus of SK2 exhibits a helical region between residues 423 and 437 (Fig. S2A Inset) , and disruption of the helical domain abolishes constitutive association of CaMBD with Ca 2ϩ -free CaM but did not interfere with interactions between the CaMBD and Ca 2ϩ -loaded CaM, indicating a high degree of molecular specificity (19, 27) . Our study demonstrates that ␣-actinin2 interacts with SK2 channel via the helical region of the channel in a Ca 2ϩ -independent manner (Figs. 2 and 3) . Moreover, ␣-actinin2 could coexist or compete with apo-CaM at the CaMBD of SK2 channel. In contrast to the localization pattern of CaM, our findings indicate that the majority of ␣-actinin2 proteins are highly localized at the plasma membrane in the HEK 293 cells or at the Z-disc in the native cardiac myocytes. Moreover, we found that EF hand 3, 4 of ␣-actinin2 was essential for the localization of SK2 channel on the plasma membrane (Figs. 1 and 4) . CaM is not only essential for gating but is also required for channel assembly and trafficking (28) . Our data demonstrate that targeting or anchoring of SK2 channel at the plasma membrane requires the binding of ␣-actinin2, which crosslinks actin filaments to stabilize the muscle contractile apparatus and signal transduction. Furthermore, our FRAP analyses indicated that the localization of SK2 channel at the plasma membrane was dynamic, and IP derived from the core region of CaMBD in the SK2 channel could sharply block I K,Ca . Because both binding sites of apoCaM/CaMBD complex and ␣-actinin2/CaMBD were located within the same region, SK2 trafficking aided by CaM or SK2 targeting anchored by ␣-actinin2 might be blocked simultaneously during the IP incubation.
Surface Expression of SK2 Channel Is Dependent on Early EndosomeMediated Endocytic Recycling. The steady-state cell surface expression of ion channels is dynamically governed by the anterograde (forward) and retrograde trafficking (Fig. 5C) (2, 3) . Endocytosis represents the initial step in the recycling process whereby different fates for the channel proteins take place, including targeting of the internalized proteins for lysosomal degradation. Alternatively, the endosomes may be recycled back to the surface membrane. Indeed, the pathways taken by internalized channel proteins that eventually recycle to the cell surface are highly complex and tightly regulated (2, 3) . Recent studies have provided evidence for the critical roles of different isoforms of Rab-proteins in sorting the internalized protein in early endosomes to Rab-GTPase-specific compartments (22, 23, 29) . Rab proteins represent the largest branch of the small G protein superfamily and regulate each of the major steps in vesicular transport (22, 23, 29) . Rab GTPases define the various intracellular trafficking vesicles by recruiting the effectors required for their function, for example, Rab5 is required for clathrinmediated endocytosis and early endosome formation (30) and recruits EEA1 to these vesicles.
Our data demonstrate that the surface expression of SK2 channel is dependent on early endosome-mediated endocytic recycling because expression of SK2 channel alone in a heterologous system or knockdown of the ␣-actinin2 proteins in native cells, as well as pretreatment with primaquine, result in SK2 channel localization mainly in the early endosomes. Moreover, ␣-actinin2 cytoskeletal protein is crucial for SK2 channel an- Whole-cell I K,Ca was recorded immediately after establishment of whole-cell configuration (blue line), 20 min thereafter (red line), and after application of apamin (100 pM; black line). A voltage-ramp protocol was applied from Ϫ120 to ϩ60 mV, with a slope of 360 mV/s from a holding potential of Ϫ55 mV. SK2-mediated whole-cell I K,Ca from HEK 293T cells cotransfected with pIRES2-EGFP-SK2 and pcDNA3-␣-actinin2 plasmids (Top) and IK,Ca recorded from mouse atrial myocytes (Bottom), using control peptide and inhibitory peptide. (C) A working model for the anterograde and retrograde trafficking of SK2 channel. SK2 channels directly interact with ␣-actinin2 cytoskeletal proteins, which help to anchor the channels at the surface membrane and along the T-tubular structure in cardiac myocytes (pathway on the right). Absence of ␣-actinin2 may lead to an increase in the rate of internalization and/or decrease in the targeting of the early endosomes to the surface membrane (pathway on the left).
choring at the surface membrane and along the T-tubular structure in cardiac myocytes. Lack or knockdown of ␣-actinin2 may lead to an increase in the rate of internalization and/or a decrease in the targeting of the early endosomes to the surface membrane (Fig. 5C ), supporting the notion that ␣-actinin2 anchoring is required for the proper retrograde trafficking of SK2 channels. Additional studies are required to further differentiate between these possibilities. New understanding into ion channel trafficking may provide insights into unique therapeutic opportunities to modify channel-trafficking diseases.
Methods
Additional details can be found in SI Materials and Methods.
Site-Directed Mutagenesis. Point mutations were generated using the QuikChange Lightning Site-Directed Mutagenesis Kit (catalog no. 210518; Stratagene).
Cell-Surface Biotinylation and Isolation of Cell-Surface Proteins. Biotinylation of surface proteins was carried out using cell-surface protein isolation kit (catalog no. 89881; Pierce) as per the manufacturer's instructions.
YTH Assays. YTH assays were performed with the GAL4 system using the Matchmaker GAL4 Two-Hybrid System 3 (Clontech).
siRNA Gene Silencing. For the siRNA experiments, 80 pmol per 35-mm Petri dish of fully annealed, 4 different ␣-actinin2 siRNA were transfected into cultured neonatal mouse cardiomyocytes 2 days after isolation using GeneSilencer siRNA Transfection Reagent (Gene Therapy Systems), according to the recommendations of the manufacturer.
Immunofluorescence Confocal Microscopy and FRAP Experiments. Immunofluorescent labeling was performed as described in ref. 17 (14, 32) .
